ABSTRACT 1
Weather has significant safety impacts on the roadway system. Icy pavements can significantly 2 reduce the coefficient of friction between automobile tires and road surfaces, and impair the 3 ability of drivers to operate their vehicles safely. Improving traffic safety under icy conditions is 4 of importance to many state transportation departments. To this end, the California Department 5 of Transportation (Caltrans) has deployed an Icy Curve Warning System (ICWS) on a five-mile 6 segment of State Route 36 in Lassen County. This section of roadway has a history as a high-7 crash location with fatal crashes, the vast majority of which occurred during icy pavement. 8
The objective of this study was to evaluate operational effects of the ICWS, specifically 9 on speeds during various conditions. The results of statistical analysis found that mean speeds 10 were significantly different by greater than 5 mph when the system was on versus off in general, 11
as well as when examined by day and night. Mean speeds were significantly reduced by greater 12 than 5 mph during wet weather (during day and night). The real interest of the evaluation was the 13 system's impacts on reducing speeds during conditions when ice was present but unexpected 14 (called clear, cold and not dry in this work). Statistical analysis found that mean speed reductions 15 were significant by greater than 3 mph (but less than 5 mph) when the system was on both during 16 the day and at night. Consequently, the ICWS appears to reduce speeds by approximately 3 mph 17 in conditions where icy roads are unexpected. 18 19 20 21
INTRODUCTION 1
Safety is a critical component of the Caltrans' vision to have "the safest, best managed, seamless 2 transportation system in the world." Consequently, one of Caltrans' ongoing activities is to 3 identify and remedy safety challenges in its infrastructure. This is especially pressing for 4 locations where there have been an above-average number of crashes with injuries and fatalities. 5 One such location identified by Caltrans District 2, located in northeastern California, is a five-6 mile segment of SR 36 in Lassen County over Fredonyer Pass. This section of roadway has a 7 history as a high-crash location involved with multiple fatal crashes. Speeding has been a major 8 cause of collisions that occurred in this roadway segment. The vast majority of these accidents 9 have occurred when the pavement is icy, despite static signage that Caltrans has installed to 10 increase motorist awareness. 11
Based on the crash history along the identified roadway segment, Caltrans deployed an 12
Icy Curve Warning System (ICWS) to reduce ice-related accidents. The technology consists of 13 using pavement sensors to detect icy conditions, in combination with dynamically activated 14 signage, to provide motorists with real-time warning when icy conditions are present. This 15 system is collectively known as the Fredonyer Pass ICWS, and consists of two identical but 16 separate warning systems: Fredonyer Summit ICWS and Fredonyer East ICWS. The schematic 17 of the ICWS is shown in Figure 1 . 18 19 20
Figure 1 Schematic of the Fredonyer Pass ICWS 21
The five-mile highway section starts at Post Mile (PM) 9.5 and ends at PM 14.5 (Note:  22 Post Mile is a term used by Caltrans for distance measurements from west and south to east and 23 north starting at each county border.). Two Extinguishable Message Signs (EMS) are used in 24 each direction of travel to warn motorists of icy conditions through a message stating "Icy 25
Curves Ahead" when icy conditions are detected. Three ice detection sensors were installed for 26 the Fredonyer Summit system. Sensor 1 is located just east of the Environmental Sensor Station 27 (ESS) location, basically at the top of the grade. Sensors 2 and 3 are located in a curve that tends 28 to stay wet much more than Sensor 1 due to the trees present on both sides of the road. On the 1 Fredonyer East system, two ice sensors were deployed. Sensor 1 is just west of the ESS location 2 and is in a clear zone. Sensor 2 is about 740 feet west of Sensor 1 and is in a location shaded by 3 trees. For each system, the two EMS will be activated if ice is detected or predicted by one of the 4 ice and ESS sensors. The complete system was considered operational and reliable beginning 5 with the winter season of 2008-2009. 6 The objective of this study was to evaluate operational effects of the ICWS. In addition to 7 a better understanding of the impacts of ICWS on vehicle speeds, it is anticipated that the 8 findings of this study will provide useful information for the deployment of similar systems in 9 the future, either by Caltrans or other state transportation departments. 10
LITERATURE REVIEW 11
In evaluating the performance of the Fredonyer Pass ICWS, the effectiveness of similar systems 12 deployed by other transportation agencies that sought to provide dynamic weather-based 13 warnings to travelers via message signs was of interest. collected. A full factorial analysis using a three way analysis of variance (ANOVA) was 32 employed to account for directional, site (within or outside the ice-warning system segment) and 33 beacon status factors. Results found that overall speeds were significantly lower when the 34 beacons were flashing within the ice-warning system segment. Within the ice-warning segment, 35 mean speeds fell by 9.5 miles per hour (mph) overall (eastbound fell by 10.4 mph and westbound 36 by 8.4 mph). Speeds at the ATR sites were also observed to fall by approximately 1 mph, which 37 were determined to be significant. Overall speeds were also significantly lower as measured in 38 the ice warning segment compared to those of the ATR site. This was found to be the case 39 regardless of the direction of travel and the system status (on/off). Additionally, when packed 40 snow conditions were observed, average speeds at the ESS site were 43.4 mph compared to 52.6 41 mph at the ATR site, which was statistically significant. However, despite these findings, the 42 researchers noted that it could not be conclusively determined from the data collected whether 43 the beacons caused drivers to slow down or if poor road conditions caused motorists to drive 44 more cautiously. 45 road running perpendicular to the experimental road served as a control road and was used to 38 determine the effects of weather on traffic data. The system was evaluated using an analysis of 39 the speed data from the experimental and control road. The effects of VMS were found by 40 subtracting the effects of adverse road conditions from the total effects found from the 41 experimental road. The researchers found that the mean effect of lowering the speed limit on the 42 experimental test section from 60 mph to 50 mph was 2.11 mph due to the VMS system. When 43 the symbol for slippery road was presented, the decrease in mean speed was 1.5 mph; under 44 these conditions the decrease in mean speed on the control road was 6.03 mph. Through a 45 separate analysis, it was found that the mean speed changes caused by the system were not 1 sufficient to make the system socio-economically acceptable (6 As the literature review indicates, previous ice and weather warning systems have 3 examined system performance, but their results are not readily transferable to the ICWS 4 discussed here. These studies have examined speed trends at a point location for a system 5 targeted at a multiple mile length corridor (Butte Creek), focused on descriptive performance 6 trends as opposed to statistical significance testing for a spot treatment (Wyoming), examined 7 systems to address visibility rather than ice (Idaho, Utah), or focused on an idealized roadway 8 segment as opposed to one with challenging geometrics (Finland). Consequently, there was a 9 need for research that examined the impacts of an ice warning system applied to address site 10 specific safety issues along a roadway with complex geometrics (curves and grades). why limited data were available from the initial period. Speed data were measured by radar units 17 mounted to each of the ICWS EMS signs and aimed at the lanes of approaching traffic. 18
Limitations in power availability at locations past these signs prevented the collection of data 19 through each set of curves. Similarly, the use of tube counters was precluded in collecting speeds 20 because of weather concerns (tubes being torn by maintenance equipment during storms). Data 21
were recorded with a timestamp in a comma delimited file to a memory unit at each location and 22 downloaded approximately once per month by Caltrans staff. The speed recorded by the system 23 was the highest of a series measured for each approaching vehicle. Only vehicle speeds were 24 collected; the system was not equipped to collect vehicle type/classification. 25
While the data from these locations represented vehicle speeds prior to entering each 26 curve, the nature of the system (signs only displaying a message when the system is on) made it 27 likely that most local motorists would already be slowing down after seeing an ice warning 28 message displayed from an advanced distance. Consequently, the collected speed data represents 29 the initial behaviors of motorists as they begin to enter each curve. If slower vehicle speeds were 30 observed prior to entering the curves when the system was turned on, it would be reasonable to 31 conclude that vehicles may be traveling slower throughout the length of the curve. Note that one 32 limitation to this evaluation is that speed data were not available from the center of each curve, 33 where vehicles, in theory, should be traveling slowest when an ice warning was posted. 34
Prior to beginning the statistical analysis, minor data cleanup was required. This included 35 correction of timestamp errors, identification and removal of erroneous data (ex. continuous 36 readings of the same speeds over a long period of time) and determination of missing periods of 37 data (caused by brief power outages). The large sample sizes collected throughout each season at 38 all locations were deemed sufficient to minimize the impacts of short headways and missing data 39 on the analysis (with the exception of the March-April 2009 period in some cases). 40
METHODOLOGY 41
The two-sample t-test (unequal variance) was employed to perform the statistical comparisons of 42 vehicle speeds between the different system conditions/states. An explanation of the t-test can be 43 found in many statistical textbooks and is commonly known and understood, so it will not be 44 presented here. Speed thresholds of zero miles per hour (mph), 3 mph and 5 mph were evaluated 1 by this work. The hypotheses being tested for the zero mph condition were: 2 H 0 : μ 1 = μ 2 , indicating that the mean speeds between non-icy and icy conditions are 3 not significantly different. 4 H 1 : μ 1 ≠μ 2 , indicating that the mean speeds are significantly different (ideally, the 5 icy speeds being lower). 6
When examining whether mean speeds have changed by a significant value, for example 3 mph, 7 similar hypotheses were employed: 8 H 0 : μ 1 -μ 2 ≥ 3 indicating that the difference between mean speeds of more than 3 9 mph was significant (ideally, the icy speeds being lower). 10 H 1 : μ 1 -μ 2 < 3, indicating that the mean speeds between non-icy and icy conditions 11
were not significantly different from one another at 3 mph. 12
To ensure the soundness of the conclusions drawn from the statistical tests, levels of 13 significance corresponding to 0.025 and .05 were employed in evaluating the null hypothesis for 14 the one-and two-tailed tests, respectively. A two-tailed test was employed for evaluating the 15 hypotheses related to changes in speeds greater or less than 0 mph, while one-tailed tests were 16 employed to evaluate the hypotheses that speed reductions when the system was operating were 17 significantly greater than 3 mph and 5 mph. The critical value for these confidence levels was 18 1.96 (given large sample sizes The highest level of speed data comparison performed by this work examined whether vehicle 3 speeds were significantly different when the ICWS was on versus when it was off. Aside from 4 the March-April 2009 period (due to small sample sizes), mean speeds were found to be 5 significantly different by greater than 5 mph when the system was on versus off. The mean 6 speeds observed when the system was off ranged between 53 mph and 57 mph, depending on the 7 site, while mean speeds when the system was on ranged between 45 mph and 50 mph. Given that 8 only the general state of the system was examined in this initial evaluation, the results generated 9 were expected. 10
Day Versus Night 11
In order to better understand the impacts of the ICWS under different conditions, mean speeds 12
were evaluated between day and night for times when the system was on versus off. This 13 analysis was performed to determine whether a significant change in speeds occurred when the 14 system was on versus off during the day and night. In order to determine day versus night 15 conditions, sunrise and sunset times for Susanville, California (approximately 10 miles east) 16
were obtained for each day of data from http://www.sunrisesunset.com/. While this approach did 17 not account for dusk and dawn periods where some limited daylight existed, it did serve to 18 approximate light versus dark conditions. Given the extensive sample sizes of data available, this 19 approximation was acceptable. 20
The statistical analyses found significant differences in mean speeds during both the day 21 and night when the system was on versus off. With the exception of the first analysis period 22 (March-April, 2009), these differences were significant by greater than 5 mph during both the 23 day and night, suggesting that motorists tended to lower their speed when the ICWS signs were 24 activated considerably. with the individual speed reading were then classified by their respective scenario (see Table 2 ), 27 which included wet, clear, cold and dry, and clear, cold and not dry, for both day and night. Note 28 that Table 2 does not include wet conditions where precipitation was detected either during the 29 day or night and for which the ICWS may or may not have been active; these scenarios were still 30 evaluated however. In some cases, historical weather data were not available for a specific time 31 period and was classified as "N/A". Such data were eliminated from analysis, as it was not 32 possible to definitively know what conditions were at that time. Table 3 presents the results of the t-tests performed on mean speeds under precipitation 2 conditions at each sign location. These conditions represent some of the weather events which 3 were observed, namely snow. While the mean speeds of the initial March-April 2009 period saw 4 varying significance (with significant speed changes greater than 5 mph observed only at Signs 3 5 and 4), the results of the two longer analysis periods were significant in all cases. From the fall of 6 2009 onward, mean speeds were significantly lower when the system was on by greater than 5 7 mph. In fact, the lowest difference in mean speeds observed during wet conditions was a drop of 8 6.20 mph when the system was on during daylight (Sign 4, 2009-2010). During the day, mean 9 speeds during wet weather fell between 6.20 mph and 10.73 mph when the system was on. At 10 night, mean speeds during wet weather fell between 10.34 mph and 16.14 mph when the system 11 was on. 12 In most cases, mean speed differences of greater than 3 mph but less than 5 mph were 11 observed during clear, cold and not dry conditions. The exceptions to these findings were the 12 Sign 2 location during the day (2009-2010 period) and Sign 1 during the day and night (2010-13 2011 period). In the first instance, a mean speed reduction of over 3 mph was observed, but 14 statistical testing indicated this drop was not significant. In the second instance, mean speed 15 changes of less than 3 mph were observed, resulting in non-significant statistical results. It was 16 encouraging to note that statistically significant changes in mean speeds were greater than 3 mph 17 at some sign locations, as this indicates that motorists were likely changing their speed behaviors 18 when the ICWS was active. In other words, the system was achieving its intended results; lower 19 vehicle speeds under conditions where ice may not normally be expected. 20 resulted in large t-statistics and were the result of large changes in observed mean speeds overall 5 (ranging from 5.56 to 6.80 mph). In general, the lack of significance in speed changes greater 6 than 5 mph at most sign locations was the result of the lack of such notable drops in mean speeds 7 for many observation periods and sites. This is evidenced by the negative and near zero values 8 computed in many instances. This finding was expected, as large changes in speed (i.e. 5 mph or 9 greater) on a clear and cold day even with ice present and the system providing warning, could 10 not entirely be expected from drivers until they have entered a curve. Without speed data from 11 the center of the curves targeted by the ICWS, it remains unknown whether larger drops in mean 12 speeds in excess of 5 mph were produced by the system. Given that mean speed reductions of at 13 least 3 mph were observed at the majority of sign locations, it is reasonable to speculate that 14 speed drops within the targeted curves may indeed approach or exceed 5 mph. In such instances, 15 particularly on clear, cold and icy days, the ICWS would indeed be achieving its intended 16 purpose, as such an observable reduction should translate into reduced crashes over time. provide a general sense of the speed trends that may be observed when chain control is in effect, 23 both when the ICWS is on as well as off. For brevity, an in-depth discussion of the results for 24 individual chain control levels is not presented here; rather, a summary of the key findings is 25 presented. 26
When examining different levels of chain control versus the system state and time of day, 27 it was found that the greatest impact of the ICWS is when R-1 chain control is in effect. R-1 28 requires chains on all commercial vehicles (trucks or buses), while all other vehicles (cars, pick-29 ups, vans, etc.) must have either snow tread tires or chains on the drive axle. The results 30 indicated that significant speed changes greater than 0 mph were observed when the ICWS was 31 on at all sites, with the exception of Signs 1 and 2 at night. These speed differences were also 32 greater than 5 mph at all signs, with the exception of Sign 3 at night, where the mean speed 33 difference was greater than 0 mph and less than 3 mph. These results were encouraging, as any 34 additional speed reductions that might be achieved in addition to those produced by chain control 35 are a benefit. The impact of the ICWS under Watch (static sign warning of ice) and R-1M 36
(chains required on all single-axle drive vehicles towing trailers) conditions were limited and 37 varied by the specific sign and time of day. While some statistically significant speed reductions 38 were observed, these were cursory and generally less than 3 mph. 39
In considering the results observed in this study, two items should be considered. First, the speed 41 data was collected at sign locations where the posted speed limit was 55 mph, while the posted 42 speed limit in each curve was 40 mph. In examining mean speeds during clear, cold and dry 43 conditions, it is evident that drivers were traveling close to the posted speed limit. During clear, 44 cold and not dry (icy) conditions, mean speeds were significantly lower than the posted speed 1 limit. However, all observed mean speeds were higher than the 40 mph speed limit of the curves. 2
What the results indicate is that vehicle speeds between clear, cold and dry versus clear cold and 3 not dry conditions are significantly different, and the only real difference that could prompt this 4 change is the ICWS being on and presenting its message, as the general weather conditions are 5 identical, with the only exception being the presence of moisture in some form on the roadway. 6 Again, whether the mean speed changes observed in advance of the curves translate into 7 adequate reductions within the curves remains to be examined; however, it is encouraging that 8 the signs appear to be affecting driver behavior. 9 Second, when examining the different mean speeds at each sign, one must bear in mind 10 the geometrics present at the site. Signs 1 and 4 (eastbound and westbound, respectively) are 11 located at the end of long, level tangents, which may contribute to higher speeds approaching the 12 curves. Signs 2 and 3 (westbound and eastbound, respectively) are also located on tangents, and 13 are also on downgrades, which are likely to impact speeds in different ways (some vehicles may 14 travel faster or slower, depending on driver comfort). At all sites, sight distances are not a 15 significant concern. Each sign is located in advance of the curves (1000+ feet). However, all of 16 these items may act in a combined manner to influence the observed vehicle speeds under 17 different conditions. Again, it is important to note however, that the observed changes in speeds 18 when conditions are essentially equal save for roadway moisture indicates that the signage 19 appears to have some impact. 20
CONCLUSIONS 21
The results of the statistical analysis, specifically the analyses performed on clear, cold and 22 dry/not dry data, suggest that vehicle speeds are lower when the ICWS is on. Mean speeds were 23 significantly different by greater than 5 mph when the system was on versus off. Of course, this 24 collective analysis told little about the performance of the system under different conditions, 25 namely during the day and night, as well as during different weather conditions. When day and 26 night speed data were examined, it was once again found that mean speeds significantly differed 27 by greater than 5 mph when the system was on versus off. Observed reductions ranged between 28 5.19 mph and 8.66 mph during the day and 5.72 mph and 8.30 mph during the night. 29
When general wet weather conditions were evaluated, mean speeds were significantly 30 different by greater than 5 mph. During the day, mean speeds during wet weather fell between 31 6.20 mph and 10.73 mph when the system was on. At night, mean speeds during wet weather fell 32 between 10.34 mph and 16.14 mph when the system was on. Of course, such large changes in 33 vehicle speeds were expected during inclement weather, when visibility and the potential of 34 reduced pavement friction combined to lead motorists to drive more slowly. 35
The real interest in evaluating the Fredonyer ICWS was to determine its impacts on 36 reducing speeds during conditions when ice was present but would be unexpected. Such 37 conditions, called clear, cold and not dry, were times when snow melting or general water/ice 38 pooling from the wet and cold environment of the curve locations may produce runoff across the 39 roadway in the target curve and result in ice formation. Statistical analysis found that mean speed 40 differences were significant by greater than 3 mph when the system was on both during the day 41 and at night. However, only a limited number of speeds were significantly different by greater 42 than 5 mph. Consequently, it appears that the ICWS is prompting motorists to reduce their 43 speeds by approximately 3 mph in conditions where icy roads are not necessarily expected. 44
While this does not indicate that speeds have been reduced throughout the targeted curves, it 45 suggests that drivers are reacting to the ICWS messages and are likely continuing to lower their 1 speed when past the signs. In a separate safety analysis, it was found that crashes fell by 18 2 percent following the deployment of the ICWS, suggesting that the speed reductions observed 3 here were more just drivers reacting to poor conditions but rather, taking into account the 4 messages presented by the signage. Whether this reduction translates into long-term safety 5 benefits (e.g. continued reductions in crashes in the curves of interest), remains to be seen. As the 6 speed readings employed in this evaluation were collected at sign locations in advance of the 7 curves targeted by the ICWS, the true changes in speeds throughout the course of the curve 8 remains unknown. It is possible that the observed changes in mean speeds reported here are 9 translating into even more significant reductions by motorists as they enter and traverse each 10 curve. 11
When examining different levels of chain control versus the system state and time of day, 12 it appears that the greatest impact of the ICWS is when R-1 chain control is in effect. Under R-1 13 chain control, mean speeds at almost all sign locations fell by greater than 5 mph when the ICWS 14 was on, a statistically significant change. 15
Future evaluations of this and similar systems should focus on speed changes throughout 16 the course of targeted curves. While this work provides a general sense of driver reactions to the 17 ICWS message prior to curves, it remains unknown whether, and to what extent, drivers slow 18 down while passing through the targeted curves. In addition, the speed data collected by radar 19 during the course of this project were aggregate and did not classify vehicles by their type. While 20 this was not viewed to be a problem in this analysis, given the large sample sizes of data 21 examined, it would provide interesting information related to the speed behaviors of specific 22 vehicle types when the system was on versus off. 23 24 25
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